Key words: small intestine/epithelium/cell division/tight junction/zonula occludens/electron microscopy ABSTRACT. Dividing epithelial cells in the mouse small intestine were examined by thin-section electron microscopy with special attention given to the mode of cytokinesis. As the columnar epithelial cells entered mitosis in the crypt, they became rounded, maintaining their junctional complexes with neighboring cells while detaching themselves from the basal lamina. In such rounded cells the mitotic apparatus was formed with its long axis parallel to the luminal surface. Replicated centrioles moved down from the apical region to locate themselves lateral to the nucleus, where they served as the poles of the mitotic spindle. During mitosis the cell retained microvilli on its luminal surface, though the terminal web became much thinner. At telophase the formation of a cleavage furrow proceeded asymmetrically from the basal side alone, and thus the contractile ring which was prominent at the base of the furrow, merged with the terminal web. Eventually, an intercellular bridge with a midbody was formed on the luminal surface. The space in the furrow was occupied by the flattened cytoplasmic processes of the neighboring cells. The tight junction was also seen on the basolateral surface of the intercellular bridge with the underlying neighboring cells. At very late telophase the intercellular bridge was disconnected from the neighboring cells and protruded into the lumen. These observations have led us to propose a mode by which the simple columnar epithelium maintain the tight junctional seal during cell division in the crypt of the small intestinal epithelium.
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Cell division, particularly cytokinesis, in simple epithelia is a unique event in that the component cells can divide while maintaining complete epithelial integrity, sealing the intercellular space from the lumen. Many observations have been made on the ultrastructure of dividing cells in a variety of mammalian epithelia (e.g., 1, 13, 16, 21, 22, 23) . In simple columnar epithelia, cells become rounded as they become detached from the basal lamina to undergo cell division, after which the daughter cells then regain their original columnar shape by elongating their cytoplasm to the basal lamina. Such cell movement, first highlighted in the neural tube, has been called "elevator movement" by Fujita (7). The elevator movementseems to be indispensable for the maintenance of the epithelial seal during cell proliferation, since intercellular junctions such as the tight junction (zonula occludens) and the adherens junction (zonula adherens) occur just below the luminal border (see 5, 17, 19) . For all the interest shown in these events, however, little is knownconcerning the process of rearrangement of intercellular junctions during cell division.
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It is well documented that columnar epithelial cells of the small intestine proliferate only at the base of the crypt and then migrate along the villus toward its tip, where the cells are eventually shed into the lumen (2, 3, 21) . Hence, the epithelium of the small intestine is a good model for studies of the rearrangement of intercellular junctions during cell division as well as the subsequent lateral movement of the epithelial cells thus recruited. The present paper deals with the ultrastructural features of dividing cells in the crypt of the mouse duodenumand discusses on the possible mechanismfor the maintenance of the intercellular seal.
MATERIALS AND METHODS
Adult male dd-strain mice (10 to 20 weeks old) were used for this study. Under Nembutal anesthesia the small intestine was fixed by per fusion through the left ventricle with 2%para-formaldehyde, 2.5% glutaraldehyde and 0.2% tannic acid in 0.1 M sodium cacodylate buffer (pH 7.4). The duodenum was dissected and cut into small tissue blocks, which were further kept in the same fixative overnight at roomtemperature. After washing with buffered 10% sucrose, the blocks were postfixed with 1% OsCUin the same buffer on ice for 2hr, and then stained en bloc with 0.5% aqueous uranyl acetate at room temperature for 2 hr. After dehydration with a graded series of ethanol and embedding in Poly-Bed 812 (Polyscience, Inc.), thin sections were cut, stained doubly with uranyl acetate and lead citrate, and then examined under a Hitachi H-800 electron microscope at an accelerating voltage of 100 kV.
OBSERVATIONS
Non-dividing cells in the crypt. Non-dividing columnar cells at the base of the crypt were observed to be relatively tall with their basal surface attached to the basal N IB å «à"£,
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1.0pm The cells are highly polarized with their nuclei (N) located basally and with microvilli (Mv) on the luminal surface. The cells rest on the basal lamina (BL) with the smooth basal surface. The subapical cytoplasm contains several scattered mitochondria and only a few profiles of rough-surfaced endoplasmic reticulum. In the supranuclear region, the Golgi apparatus is relatively well developed, often extending to the lateral side of the nucleus. lamina (Fig. 1) . The cells were highly polarized, each with a basally located nucleus and relatively short microvilli on the luminal (apical) surface. The typical junctional complexwas situated on the lateral surface of the cell immediately below the luminal (apical) border. The tight junction appeared as multiple bands of so-called membranefusion between the apposed plasma membranes. Desmosomes were also observed to be scattered on the lateral surfaces of neighboring cells. Interestingly, centrioles were always found in the subapical cytoplasm, often just beneath the terminal web, and they were usually separated from each other. Few microtubules were associated with the centrioles. The cytoplasm of the epithelial cell was characterized by a large number of ribosomes and only a few profiles of rough endoplasmic reticulum, indicating an immature stage of differentiation. However, the Golgi apparatus was relatively well developed at the supra-and peri-nuclear regions. Some cells contained large phagosomes in the cytoplasm. Replicated centrioles were also found in the subapical cytoplasm (Fig. 2a) . As cells entered mitosis, such replicated centrioles migrated downward to take up positions in the supranuclear region and subsequently positioned themselves lateral to the nucleus (Fig. 2b ).
Dividing cells in the crypt. Dividing columnar epithelial cells were found only in the crypt, though the frequency of mitotic cells was very low in thin sections. Fromprophase to metaphase, epithelial cells showed various degrees of rounding, with their basal surface detached from the basal lamina (Fig. 3 ). As the cell became rounded, the basally located nucleus ascended to be situated in the cell center. Breakdown of the nuclear envelope occurred as chromatin condensed to form chromosomes. The basal surface of such dividing cells formed many bleb-like cytoplasmic processes (Fig. 3) .
No cytoplasmic processes of mitotic cells were attached to the basal lamina. The space between the base of a rounded cell and the basal lamina was filled by the neighboring cells. Interestingly, two mitotic cells rarely lay next to each other. The dividing cells were characterized by the decreased overall cytoplasmic density. The morphological specializations on the apical region such as microvilli and junctional complexes were well retained throughout mitosis, though the terminal web was relatively thin in dividing cells (Fig. 4 ). Desmosomes were found scattered over a wide expanse of the lateral surface membraneto form connections with the neighboring cells. In mitotic cells, intermediate filaments were considerably decreased in number, forming much smaller bundles which were still associated with the desmosomes.
Before the breakdown of the nuclear envelope, the centrioles which were previously situated in the subapical region where they were replicated migrated down- ward to assume positions lateral to the nucleus (Fig. 2b) .
In subsequent stages of mitosis, they became the poles of the mitotic spindle (Fig. 4) . The paired centrioles positioned themselves at each pole of the mitotic spindle, the axis of which was oriented parallel to the luminal surface. At anaphase, two sets of daughter chromosomes migrated along the spindle axis toward the respective spindle poles (Fig. 4) . At early telophase, the new nuclear envelope began to reform around the daughter nuclei (Fig. 4) . Cytokinesis started with the formation of the cleavage furrow which was asymmetrical only on the basolateral surfaces, and thus proceeded unidirectionally toward the cell apex (Fig. 5) . No appreciable depression was observed on the luminal surface on the plane of the cleavage furrow. At the base of the furrow were seen aggregates of micro filaments forming a contractile ring. Subsequently, the contractile ring became prominent at the furrow base and merged with the terminal web (Fig. 6) . Thus, it seems that the contractile ring did not form a complete circle. The modeof association between the contractile ring and the terminal web including core actin bundles of microvilli was not explored in detail. As the cleavage furrow deepened, bleb-like cytoplasmic processes of the dividing cell and flattened cytoplas- by the contractile ring and the terminal web contained a stem body and formed an intercellular bridge connecting two daughter cells (Fig. 5) . The spindle microtubules were bent at the intercellular bridge and directed toward the more basally located daughter nuclei (Fig.  5) . The stem body subsequently condensed to form the midbody.
At late telophase, cytokinesis proceeded to further constrict the contractile ring. The space of the furrow was occupied by cytoplasmic processes of the neighboring cells. Thus the daughter cells themselves were separated from each other by the neighboring cells but were connected by a slender intercellular bridge. The intercellular bridge with a midbody was always formed at the apical surface facing the lumen. Interestingly, typical microvilli were also seen on the luminal surface of the in- (Fig. 7b) . Later the intercellular bridge protruded into the lumen, detaching itself from the underlying neighboring cells and eventually degenerating as the bridge was broken at one side or the other (Fig. 8a, b, c,   d ).
DISCUSSION
The present observations have clearly demonstrated the modeby which epithelial cells maintain the seal of the tight junction during cell division in the crypt of the small intestinal epithelium, as summarized in the schematic illustrations (Figs. 9, 10 and ll). In many types of simple epithelia, the cellular lining serves as a diffusion barrier between the intercellular space and the lumen (4, 5, 8) . In such cellular linings the geometrical continuity of the tight junction is prerequisite for various physiological activities of the epithelium (10). Indeed, epithelial cells are thought to divide in a unique manner such that the epithelial seal is maintained constantly. The elevator movementproposed by Fujita (7) can be considered an important event linked with this requirement in the columnar epithelia. Few studies have asked how cells can divide without breaking the continuity of the tight sealing in simple epithelia. The changing geometry of the tight junction was suggested to take place during cell division in the simple epithelia (19). Zeligs and Wollman (23) examined the ultrastructural features of cytokinesis in vivo in rat thyroid follicular epithelial cells. Dividing follicular cells of the thiouracil-treated rat thyroid display no elevator movement and keep a cell-to-basal lamina association during cell division. In thyroid epithelium, the intercellular bridge (with a midbody) is initially formed about midwaybetween the base and the apex of the daughter cells and then migrates toward the cell apex, where a new tight junction is formed directly between the daughter cells. In contrast, our observations on the mouseintestinal epithelium have shown that the dividing cell initially forms an intercellular bridge at the level of the cell apex, and that the two daughter cells are not close together at least during and just after division. The differences between the thyroid follicular epithelium and the small intestinal epithelium may be attributed to the types of epithelia, e.g., the cuboid epithelium in the thyroid and the tall columnar epithelium in the small intestine. It is interesting to speculate that the terminal web in the small intestine mayprevent a dividing cell from rounding symmetrically, since it has to provide support to the junctional complex. In the small intestine, dividing cells were detached from the basal lamina as they rounded up. The basal surface of such a rounding cell formed many bleb-like cytoplasmic processes. Interest- ingly, similar blebs were reported to be reversibly induced on the formerly smooth basal surface in embryonic corneal epithelial cells when the basal lamina is chemically removed (18). The morphology of the basal surface of epithelial cells would suggest that it is intimately related to the underlying extracellular matrix. The findings obtained here prompt us to discuss the possible modes of maintaining the tight junctional seal during cytokinesis. The simplest and most reasonable model is that as cytokinesis proceeds, the tight junction between the dividing cell and the neighboring cells which face the cleavage furrow maintains its continuity by extending itself to the basolateral surface of the intercellular bridge (Fig. 7) . The intrusion of cytoplasmic processes of the neighboring cells into the cleavage furrow seems to be coupled with such an extension of the tight junction. It is also possible that the assembly and disassembly of the tight junction elements may occur during cell division. Interestingly, in freeze-fracture electron microscopy, experimentally enhanced mitotic activity appears to be associated with the presence of irregular meshworks of the tight junction and substantial basal extensions from the main junctional meshwork (20). In any case, the new tight junction must be formed eventually between the neighboring cells which previously did not lie next to each other. Staehelin (19) has suggested the deep extension of the subapical tight junction along the lateral surface where three epithelial cells meet together in the simple columnar epithelium. Such downwardly extended tight junctions might also participate in sealing the intercellular space in mitotic cells. It is probable that the tight junction is highly dynamic and plastic in the simple epithelium to accommodate the rearrangement in cell proliferation, lateral movement, and extrusion (8, 15). Indeed, massive induction of tight junction strands was reported in the rat prostate epithelium when dissociated and plated in tissue culture (12) . In the normal small intestinal epithelium some cells show the scattered distribution of tight junction strands over a wide expanse of the lateral surface mem- Since the neighboring cells interpose themselves between the daughter cells and eventually separate them from each other, the rearrangement of epithelial cells is thought to take place after cytokinesis. Interestingly, it was observed that two mitotic cells, say, both metaphase cells, were rarely found to lay next to each other and were usually bound through desmosomes on their lateral surfaces. However, this does not serve to explain by what process those cells are rearranged during and after cytokinesis. As schematically illustrated in Fig. 1 1 , the present observations suggest that the newrelationship amongepithelial cells is established at the time of cell division in the crypt. Such cell rearrangement may be a basical one commonlyoccurring in other epithelia (reviews see 6, 9, ll). Jacobson et al. (ll) suggested an interesting hypothesis called the cortical tractor model to account for the process of neurulation in which continuous intercellular junctions would be maintained by recycling the junctional molecules along the lateral cell Lee, E.R. and Leblond, C.P. (1985) . 
